In this study, a series of new, highly sensitive BF 2 -chelated tetraarylazadipyrromethane dyes are synthesized and analyzed to be suitable as on/off photo induced electron transfer modulated fluorescent sensors for determination in intracellular pH. The ethanolic solutions of the new indicators feature absorption maxima in the range 696−700 nm and fluorescence emission maxima at 720 nm. Molar absorptivity and fluorescence quantum yield data were determined for the studied set of aza-BODIPY indicators. These indicators have high molar absorption coefficients of ∼80,000 M −1 cm −1 and quantum yields (up to 18%). Corresponding pK a values of indicators are determined from absorbance and fluorescence measurements and range from 9.1 to 10.8, depending on the selective positioning of electron-donating functionalities. Excellent photostability of the aza-BODIPY indicators make them particularly suitable for long duration measurements. The in vitro cellular staining of living tissues in PC3 cells based on the isosbestic point at pH 7.8 and pH 9.3 has been employed and shows an increase in fluorescence intensity at 800 nm with increase in pH for certain compounds and fluorescence intensity decreases at 700 nm. Therefore, the new indicators are suitable for exploitation and adaptation in a diverse range of analytical applications.
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ABSTRACT:
In this study, a series of new, highly sensitive BF 2 -chelated tetraarylazadipyrromethane dyes are synthesized and analyzed to be suitable as on/off photo induced electron transfer modulated fluorescent sensors for determination in intracellular pH. The ethanolic solutions of the new indicators feature absorption maxima in the range 696−700 nm and fluorescence emission maxima at 720 nm. Molar absorptivity and fluorescence quantum yield data were determined for the studied set of aza-BODIPY indicators. These indicators have high molar absorption coefficients of ∼80,000 M −1 cm −1 and quantum yields (up to 18%). Corresponding pK a values of indicators are determined from absorbance and fluorescence measurements and range from 9.1 to 10.8, depending on the selective positioning of electron-donating functionalities. Excellent photostability of the aza-BODIPY indicators make them particularly suitable for long duration measurements. The in vitro cellular staining of living tissues in PC3 cells based on the isosbestic point at pH 7.8 and pH 9.3 has been employed and shows an increase in fluorescence intensity at 800 nm with increase in pH for certain compounds and fluorescence intensity decreases at 700 nm. Therefore, the new indicators are suitable for exploitation and adaptation in a diverse range of analytical applications.
INTRODUCTION:
The design, synthesis, and spectroscopic characterization of novel fluorescent chemosensors continue to attract a sustained research interest [1] . Recently, fluorophores in the near-infrared (NIR) region have attracted much attention because of rapid advancements in various bioanalytical and optical imaging techniques, such as DNA sequencing, gel electrophoresis, nucleic acid detection, in vivo imaging, vascular mapping and tissue perfusion [2] . There are several advantages of working in the NIR region of the spectrum. Firstly, the endogenous chromophores present in living tissues absorb and scatter visible light, limiting its penetration to only a few millimeters. Secondly, the absorption coefficient of tissue is much lower for NIR light, which permits deeper penetration to depths of several centimeters [3] . Additionally, the scattered light from the excitation source is greatly reduced in the NIR region since the scattering intensity is proportional to the inverse fourth power of the wavelength. Low background noise and low scattering of the NIR light result in a high signal to noise ratio, thereby allowing highly sensitive detection. Further advantages of NIR radiation include low interference from Raman scattering and reduced possibility of sample degradation. Due to these combined characteristics, this region of the electromagnetic spectrum (700-900 nm) is often referred to as the "window of biological clarity." These advantages, along with the availability and low cost of long-wavelength diode lasers and detectors for the NIR light, have led to increasing research interest in the design, development, spectroscopic characterization and application of novel NIR-fluorescent fluorophores [4] . In addition to the absorption and emission in the NIR region, an ideal NIR dye should possess high molar absorption coefficients, high fluorescence quantum yields, robustness against light and chemicals, good solubility, resistance towards self-aggregation, straightforward synthetic routes and amenability towards further facile functionalization [5] .
An interesting and highly modifiable class of dyes that satisfies most of the abovementioned requirements are aza-BODIPY dyes. Common BODIPY attributes include excellent photophysical properties such as high molar absorption coefficients, negligible dependence on solvent polarity and numerous sites of potential synthetic modification [6, 7] . Intracellular pH plays a diverse and crucial role in several biological processes and disorders. As a result, design and construction of selective and sensitive fluorescent chemosensors have gained considerable research interest over the past decade. The measurement of pH by fluorescence-based techniques is well established for both imaging and sensing applications [8] in various fields of experimental science, such as optical data storage [9] , photoconductors [10] , electrochromic devices [11] , chemosensors [12] , immunoassay labels and bioconjugated probes [13] and in vitro and in vivo imaging agents [14] . Several aza-BODIPY dyes fluorescent pH indicators bearing amino-or hydroxy-functionalized substituents were reported by O'Shea and Klimant, respectively [15] [16] [17] [18] .
In this study, we report synthesis and spectroscopic characterization of four aza-BODIPY fluorophore derivatives that can probe pH changes by their emission intensity changes. The aza-BODIPY fluorophore derivatives possess more than one pK a values in alkaline pH range. A systematic study of the properties of these pH indicators and possible synthetic modifications with respect to tuning the pK a values has been demonstrated. Additionally, the characterized NIR fluorescent BODIPY probes were employed for in vitro visualization, imaging and staining of living tissues in PC3 cells based on the isosbestic point at pH 7.8 and pH 9.3. These pH indicators enable a variety of potential applications for sensors and imaging and may be useful in designing novel aza-BODIPY fluorophore dyes for analytical and spectroscopic applications.
EXPERIMENTAL SECTION Chemicals and reagents:
The synthesis of four aza-BODIPY fluorophore dyes began using commercially obtained reagents from Sigma Aldrich, Alfa Aesar and Matrix Scientific and the chemicals were utilized without purification. Solvents for the synthetic steps were HPLC grade from Sigma Aldrich. The 1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance (400 MHz) spectrometer using DMSO-d 6 or MeOD-d 4 containing tetramethylsilane (TMS) as an internal calibration standard. The chemical reagents utilized for the analytical experiments are discussed further with the 2,9,16,23-tera-tert-butyl-29H,31H-phtalocyanine (97%, Aldrich, St. Louis, MO) being obtained for use as a reference standard in the determination of the relative quantum yield. Indocyanine green (ICG) purchased (Sigma-Aldrich, MO, USA) to be used as a reference standard in the stability study. Sodium hydroxide (J.T. Baker, NJ, USA), acetonitrile, toluene and ethanol (Sigma-Aldrich, MO, USA), DMSO (99.9%, spectroscopic grade, Acros, NJ, USA), sodium chloride, benzene (Fisher Scientific, NJ, USA), cyclohexane (99%, Alfa Aesar, ward Hill, MH, USA), chloroform (HPLC grade, Merck KGaA, Darmstadt, Germany) were all commercially obtained and used in the analytical experiments.
Apparatus: High-resolution accurate mass spectra (HRMS) were obtained either at the Georgia State University Mass Spectrometry Facility using a Waters Q-TOF micro (ESI-Q-TOF) mass spectrometer or utilizing a Waters Micromass LCT TOF ES+ Premier Mass Spectrometer. Liquid chromatography utilized a Waters 2487 single wavelength absorption detector with wavelengths set between 640 and 700 nm depending on the dye's photophysical properties. The column used in LC was a Waters Delta-Pak 5 uM 100A 3.9 x 150 mm reversed phase C 18 column. Evaporative light scattering detection analyzes trace impurities that cannot be observed by alternate methods; a SEDEX 75 ELSD was utilized in tandem with liquid chromatography to confirm purity. Absorbance spectra were measured using a Cary 300 UV-Visible spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) interfaced to a PC, with a spectral bandwidth of 2 nm. The fluorescence spectra and measurements were recorded using an ISS K2 Multifrequency Cross-correlation Phase and Modulation Fluorometer (ISSTm Focus and Discover, Champaign, USA), interfaced to a PC, equipped with a 300W xenon arc lamp, grating excitation and emission monochromators and a K2.EL data acquisition recorder using steady state settings. Slit widths for both monochromators were 2 mm (mechanical widths). Disposable absorbance cuvettes and quartz fluorescence cuvettes with pathlengths of 1.00 cm were used for absorbance and fluorescence measurements, respectively. All calculations were carried out using 21 
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Microsoft Excel (Microsoft Corporation, Redmond, WA). A SympHonly (SB20) pH-meter (Thermo Orion Beverly, MA, U.S.A) was used for pH measurements. Deionized water was prepared using a Barnstead NANO pure DIamond Analytical (USA) ultrapure water system.
Dye synthesis:
Synthesis of chalcone analogs 5-7: A solution of benzaldehyde 1-2 and acetophenone 3-4 were combined in a 1:1 molar ratio. The mixture was diluted with ethanol (30 mL) and a sodium hydroxide solution (40% in water, 10 mL) was added. The reaction mixture was heated to 55 o C for 2 hours until the starting material was consumed. The volatile solvents were concentrated under reduced pressure and the product was obtained as a yellow solid after water was added. The chalcones 5-7 were obtained in excellent purity after dissolving the solid in a minimal amount of ethanol and diluting with water.
General synthetic procedure for nitro compounds 8-10: Diethylamine (6 molar equivalents) was added to a solution of individual chalcone 5-7 in ethanol (50 mL). Nitromethane (12 molar equivalents) was added dropwise to the reaction mixture. The reaction was allowed to reflux for 8 hours until the starting material was consumed. The resulting mixture was cooled to room temperature and the ethanol was removed under reduced pressure. The residue was diluted with ethyl acetate and washed with brine (5 x 30 mL). The organic layer was extracted, dried over magnesium sulfate and the solvent was removed under reduced pressure to afford the final compounds. The compounds were used in the next step without purification.
General synthetic procedure for BODIPY precursors 11-13: Individual compound 8-10 (3.5 mmol) and ammonium acetate (9.46 g, 0.12 mol) were dissolved in ethanol (25 mL) and heated at reflux for 72 h. The solution was cooled to room temperature, the solvent was evaporated and the resulting viscous dark blue residue was dissolved in CH 2 Cl 2 (40 mL). The organic solution was washed with water (3 x 80 mL), combined, dried over sodium sulfate and evaporated under reduced pressure. The resulting solid was triturated with cold methanol (10 mL) and filtered to give a dark blue solid. (11) 
(Z)-4-(3-(4-ethoxyphenyl)-2-((3-(4-ethoxyphenyl)-5-(4-hydroxyphenyl)-1H-pyrrol-2-yl)imino)-2H-pyrrol-5-yl)phenol

(Z)-4,4'-(2-((3,5-bis(4-hydroxyphenyl)-1H-pyrrol-2-yl)imino)-2H-pyrrole-3,5-diyl)diphenol (12):
The compound 12 (R 1 = OH, R 2 = OH) was obtained as a blue solid and was used in the next step without purification. General synthetic procedure for 14-16: A solution of corresponding 11-13 (0.09 mmol) in anhydrous dichloromethane (2.5 mL) was cooled to 0 °C, then BBr 3 (0.9 mL, 0.90 mmol) was added dropwise over a few minutes. The solution was then allowed to reach room temperature and stirring was continued for an additional 10h. The reaction was then quenched with water at 0 °C and extracted with ethyl acetate. The combined organic layers were washed with saturated NH 4 Cl, dried over sodium sulfate and concentrated in vacuo. The product was then purified by column chromatography on silica gel eluted with 5% ethyl acetate/hexanes to yield the desired product. (17) : Compound 17 (0.14 mmol) and NaH (60% oil dispersion) (12 mg, 0.52 mmol) were stirred in dry THF (8 mL) and treated with 2-(2-bromoethoxy)ethanol (0.15 mmol) at 0 °C under N 2 . The reaction was warmed to rt and then heated under reflux for 3 h. The reaction mixture was cooled and partitioned between EtOAc (10 mL) and brine (20 mL Stock solutions: Stock solutions of the dyes were prepared by weighing the powder on a 5-digit analytical balance directly into a glass vial then adding ethanol (final concentration 0.5 mM).
(Z)-4-(5-(4-ethoxyphenyl)-2-((5-(4-ethoxyphenyl)-3-(4-hydroxyphenyl)-1H-pyrrol-2-yl)imino)-
(Z)-4-(2-((1-(difluoroboranyl)-3-(4-ethoxyphenyl)-5-(4-hydroxyphenyl)-1H-pyrrol-2-yl)imino)-3- (4-ethoxyphenyl)-2H-pyrrol-5-yl)phenol (14):
(Z)-4,4'-(5-((3,5-bis(4-hydroxyphenyl)-2H-pyrrol-2-ylidene
)amino)-1-(difluoroboranyl)-1H- pyrrole-2,4-diyl)diphenol (15):
(Z)-4-(1-(difluoroboranyl)-5-(4-ethoxyphenyl)-2-((5-(4-ethoxyphenyl)-3-(4-hydroxyphenyl)-2H-pyrrol-2-ylidene)amino)-1H-pyrrol-3-yl)phenol
(Z)-4-(2-((1-(difluoroboranyl)-5-(4-ethoxyphenyl)-3-(4-(2-(2-hydroxyethoxy)ethoxy)phenyl)-1H-pyrrol-2-yl)imino)-5-(4-ethoxyphenyl)-2H-pyrrol-3-yl)phenol
The contents of the vial were vortexed for 20 seconds, then sonicated for 15 min. to ensure complete dissolution. The stock solutions were protected from light and stored in the freezer when not in use. Working solutions were prepared by further dilution of the stock solutions with the same solvent to give the final desired concentrations 100 uM and 10 uM for molar absorptivity and relative fluorescence quantum yield measurements, respectively.
Determination of molar absorptivity:
Aliquots of the working standard solution were transferred into a series of 10 mL Fischer brand disposable tubes to prepare six samples in ethanol with final concentrations ranging from 1.0-10.0 µM. The volume was completed with ethanol, the contents were mixed well and the absorbance spectrum of each sample was measured. The absorbance at the wavelength of maximum absorbance (λ max ) was plotted vs. the final dye concentration (uM) to obtain the calibration graph. Alternatively, the corresponding regression equation was derived.
Determination of relative fluorescence quantum yield: Aliquots of the working standard solution were transferred into a series of 10 mL Fischer brand disposable tubes to prepare four samples in ethanol such that their absorbance at λ exc was less than 0.1 (to prevent the inner filter effect in fluorescence measurements). The absorbance and fluorescence spectra of each sample were obtained concurrently to minimize experimental error from photo-bleaching and potential solubility issues. Relative fluorescence quantum yields were determined using tera-tert-butyl-29H, 31H-phtalocyanine as a standard (quantum yield = 0.44) [19] . For both the indicators and the standard, duplicate absorbance scans were obtained and the absorbance values and λ exc were averaged. The emission spectra of the indicators and the standard solutions were measured in triplicate using the ISS-K2 fluorimeter with a 650 nm excitation wavelength. The area under each fluorescence curve was calculated and corrected and the average fluorescence peak areas were determined.
Determination of pK a values of the indicators:
Aliquots of the stock (500 uM) and/ or working (100 uM) solution were transferred into a series of 10 mL Fischer brand disposable tubes maintaining 3% of ethanol as a constant ratio. The solutions were adjusted to constant ionic strength (IS = 0.02 M) using sodium chloride as the background electrolyte. pK a values of the new indicators were then determined from both the absorption and fluorescence measurements using zero-order, first-order derivative and second-order derivative data (if necessary).
Stability study: Aliquots of the working standard solution of the dyes and ICG were transferred into a series of 10 mL Fischer brand disposable tubes to prepare the samples in ethanol with final concentrations of 10.0 µM. The volume was completed with ethanol, the contents were mixed well. Three samples of the dyes and ICG were stored at different conditions: One sample was stored at room temperature in dark; the second sample irradiated with a double T5 lighting system (SolarMax H.O. TM , 39 Wx2) in a distance of 3 cm at room temperature and the third sample was exposed to solar light at room temperature. The three sample solutions were measured simultaneously and the photodegradation profiles were obtained by monitoring the absorption spectra.
Optical Property Measurement: All optical measurements for biological samples were performed at 37°C in phosphate-buffered saline (PBS), pH 7.4 or 100% fetal bovine serum (FBS) buffered with 50 mM HEPES, pH 7.4 [20, 21] . Blood samples were taken from CD-1 mice before injecting fluorophores and the pH was adjusted using sodium bicarbonate (Fischer Scientific). Absorbance and fluorescence emission spectra of the series of NIR fluorophores were measured using fiber optic HR2000 absorbance (200-1100 nm) and USB2000FL fluorescence (350-1000 nm) spectrometers (Ocean Optics, Dunedin, FL). NIR excitation was provided by a 655 nm red laser pointer (Opcom Inc., Xiamen, China) set to 5 mW or a 770 nm NIR laser diode light source (Electro Optical Components, Santa Rosa, CA) set to 10 mW and coupled through a 300 µm core diameter, NA 0.22 fiber (Fiberguide Industries, Stirling, NJ).
Live Cell Labeling and Imaging: Cells were purchased from ATCC (Manassas, VA, USA) and grown in DMEM (Mediatech, Hermdon, VA) supplemented with 10% FBS and gentamicin (50 mg/ml) in a humidified incubator at 37°C under 5% CO2 in air. Cells were seeded onto sterilized 18 mm diameter glass coverslips in 12-well plates (3 × 105 cells per well), and incubated at 37˚C for 15 min in the presence of 1 µM BODIPY probes. The pH of each buffer solution was adjusted using sodium bicarbonate in media. After washing, the slides were observed on a 4-channel NIR fluorescence microscope [22] .
NIR Fluorescence Microscopy: NIR fluorescence microscopy was performed on a Nikon TE300 with a QImaging color camera, Hamamatsu Orca R2 camera for fluorescence imaging and IVison software for data collection. 700 nm NIR fluorescence images were collected using a Xenon lamp passed through a 650/45 nm BP excitation filter, 680 nm LP dichroic mirror, and a 710/50 nm BP emission filter, while 800 nm NIR images were collected through a 750/50 nm BP excitation filter, 785 nm LP dichroic mirror, and a 810/40 nm BP emission filter [22] . All filters 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript were purchased from Chroma Technologies. Exposure times were varied to obtain a similar maximum fluorescence value for each fluorescence image. H&E images from a matching field of view were obtained. All NIR fluorescence images for a particular fluorophore were normalized identically for all conditions of an experiment. That is, for each NIR fluorophore, the image with the strongest signal was optimized for brightness, contrast, and gamma (BCG) then these settings were applied to all other images acquired using that particular fluorophore.
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Animals and Optical Fluorescence Imaging:
Animals were housed in an AAALAC-certified facility, and all animal studies were performed under the supervision of Beth Israel Deaconess Medical Center's Institutional Animal Care and Use Committee (IACUC) in accordance with approved institutional protocol #101-2011. Prior to surgery, animals were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally (Webster Veterinary, Fort Devens, MA). For the biodistribution and clearance study, 6-week-old (20-25 g) male CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA). Each BODIPY fluorophore in D5W (Fisher Scientific) containing 5% Cremophor (Fisher Scientific) was administered intravenously at a dose of 500 pmol/g of animal weight. Animals were imaged using FLARE™ imaging system as described in detail previously [23, 24] . In this study, 670 nm excitation and 760 nm excitation fluence rates used were 4.0 and 11.0 mW/cm2, respectively, with white light (400 to 650 nm) at 40,000 lx. Color video and 2 independent channels (700 nm and 800 nm) of NIR fluorescence images were acquired simultaneously with custom FLARE software at rates up to 15 Hz over a 15 cm diameter field of view (FOV). The imaging system was positioned at a distance of 18 inches from the surgical field. A custom filter set (Chroma Technology Corporation, Brattleboro, VT) composed of a 750 ± 25 nm excitation filter, a 785 nm dichroic mirror, and an 810 ± 20 nm emission filter were used to detect 800 nm NIR images, while 650 ± 22 nm and 710 ± 25 nm excitation and emission filters were used for 700 nm NIR images.
RESULTS AND DISCUSSION
Synthesis:
The synthetic steps for the synthesis of BODIPY derivatives began with the Aldol condensation between para-substituted benzaldehyde and derivatives of acetophenone as shown in Scheme 1. These reactions proceed satisfactorily in ethanol with potassium hydroxide. The resulting α,β-unsaturated ketone 5-7 was subjected to Michael addition conditions to result in the nitro-compounds 8-10 that upon ammonium formate reduction in ethanol yielded the triazapercursors 11-13. Treatment of these analogs with boron trifluoride diethyl etherate with N,Ndiisopropylethylamine in dichloromethne afforded the final BODIPY dyes 14-16. Derivative 16 was subjected to the additional reaction shown in Equation 1 using sodium hydride to facilitate phenolic deprotonation followed by nucleophilic displacement of bromine in 2-(2-bromoethoxy)ethanol which effected the transformation in good yield to afford the desired product 17.
Optical properties determination:
The new aza-BODIPY dyes shown in Scheme 1 and Equation 1 were dissolved in EtOH, and their spectroscopic properties were investigated ( Figure  1a , b, Table 1 ). The trend observed in absorption maxima in EtOH was the same for fluorescence emission maxima in EtOH (Table 1) . Namely, only 5 nm differences between the wavelengths of the emission maxima in EtOH was observed for 14 and about 3 nm for 15 which mirrored the minor bathochromic shifts observed when comparing their UV-visible spectra. These observed data indicate pronounced conjugation of the Ar 3 The molar absorption coefficients and the relative fluorescence quantum yields (QY) for all aza-BODIPY derivatives are determined and abridged in Table 1 . The molar absorption coefficients and the relative fluorescence quantum yields determined in this study are in good agreement with those reported by Klimant et al [18] . Similar to the relative fluorescence quantum yields (QY) of most reported NIR-emitting dyes, the QY of our aza-BODIPY indicators are generally lower than analogous compounds that emit visible wavelength fluorescence. The lower QY (0.11−0.18 in EtOH) can be explained by a lowering of the excited state energy levels resulting in more efficient energetic deactivation involving vibrational relaxation. In summary, the photophysical properties of the new aza-BODIPY indicators retain most of the advantages of the aza-BODIPY, including characteristically high molar absorption coefficients with acceptable relative fluorescence quantum yields. pH-Sensing Properties: The pK a values of the new pH indicators were determined in a 3% ethanol/water solution from the absorption and fluorescence measurements. It can be seen that the absorption spectra shift bathochromically upon deprotonation of the hydroxyl group in all cases except for 16 (R 1 = OH, R 2 = OEt), even at very low concentration ( Figure 1 , Table 1 ).
Notably, the absorption spectrum of deprotonated compound 16 is rather unusual and shows two peaks ( Figure 1 ). The pK a values determined for the new probes at 0.02 M ionic strength of the solution are shown in Table 2  Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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The pK a of the aza-BODIPY derivatives can be tuned from 9.10 to 10.85 by changing the position of the hydroxyl group. For instance, two pK a values were determined for probe 14 (R 1 = OEt, R 2 = OH); 9.10 and 9.95, using first-order derivative absorption data at wavelength 796 nm.
It was found that the pK a1 and pK a2 are separated by only 0.85 units, which is not enough to exhibit a clear isosbestic point. If a hydroxyl group is introduced in the p-position of the Ar 1 or Ar 2 aryl rings instead of the Ar 3 or Ar 4 aryl rings, the pK a increases to 10.65 and 10.80 (e.g. 16
and 17). This is very close to the pK a value of phenol (pK a = 10) [26] which indicates the absence of the conjugation with the aza-BODIPY core. This observation is in good agreement with the trends obtained from the fluorescence spectra. The apparent pK a values obtained from the emission measurements in solutions are very similar to those determined from the absorption spectra (Table 2) . It is interesting to observe virtually complete quenching of the fluorescence in the pH range where indicator 14 is deprotonated (Figure 2 ), which is attributed to efficient photoinduced electron transfer (PET) [27, 28] . Upon protonation, the fluorescence spectrum showed a strong proton induced fluorescence enhancement with a wavelength of maximum fluorescence emission at 765 nm (excitation at 690 nm) (Figure 2) . A first-order plot of fluorescence intensity (at λ em. 765 nm) vs. pH predicted apparent pK a values of 9.15 and 10.10. Significantly, the enhancement of fluorescence intensity was greater than 7-fold between the chemosensor's off and on positions. This is further endorsed by analyzing the absorption spectrum of 14. A pH titration displays strong charge transfer (CT) characteristics with three bands between 400 and 900 nm (Figure 1 (C) . At pH 6.82, band 1 gave maxima at 769 nm. And upon increasing the pH value till 9.46, a hypochromic effect with bathochromic shift (band 2 with maxima at 778 nm) was clearly seen. Then from pH 9.62 and up, the third band that absorbs at 795 nm was observed with a progressive increase in the intensity. A plot of the first-order derivative of absorbance intensity at λ(abs at 796 nm) vs. pH clearly demonstrates the double deprotonation event occurring as a consequence of the two hydroxyl groups predicting apparent two pK a ( λ abs.796 nm) values of 9.10 and 9.95 of the indicator (Figure 2) . Moreover, plotting of ratiometric pH profile of compound 14 for increase of absorbance at 796 nm and decrease of fluorescence emission at 765 nm (λ exc. 690 nm ) giving intersect at 9.20 ( Figure 3) . Photostability: Photostability is a very important parameter for all optical chemosensors. We investigated solutions of the new pH dyes in ethanol under continuous illumination with a double T5 lighting system (SolarMax H.O.
TM , 39 Wx2) in a distance of 3 cm at room temperature and solar light at room temperature. Figure 4 demonstrates the photodegradation profiles for the new compounds and for ICG, which is used for comparison. The aza-BODIPY probes were significantly more photostable (about 80-fold) than ICG under identical conditions. In fact, the pH indicators 14, 16 and 17 are stable for 4 days and only 11−20% of these dyes were decomposed compared with ICG. However, compound 15 is fully stable for one day with 67% remaining after 15 days compared to 0% of ICG as per absorbance measurements. The photostability trend for aza-BODIPY probes was 17 > 16 > 14 > 15 ( Figure 4 ). The presence of four hydroxyl groups in the aryl rings Ar 1 and Ar 2 ; compound 15 seem to be responsible for decreased photostability; nevertheless, new pH dyes retain excellent photostability of aza-BODIPY dyes which makes them particularly suitable for long-duration measurements, especially compared to the industry imaging standard ICG.
Live Cell Imaging and In Vivo Biodistribution: To evaluate the feasibility of using these pH sensors in vivo, the pH sensitivity of dyes was tested in biological and physiological conditions. As shown in Figure 5 , the fluorescence emission of BODIPY 14 in PBS exhibited gradual changes of fluorescence signals between 700 nm and 800 nm ratiometrically, which was monitored by using the dual-channel FLARE imaging system. The similar pH dependent changes were observed in live cell imaging ( Figure 6 ). PC3 cells were incubated with the series of BODIPY probes for 15 min, where the pH of media was adjusted using sodium bicarbonate. All lipophilic compounds were internalized across the cellular membrane and accumulated in the cytoplasm. Significantly, the PC3 cells incubated with compound 14 showed relatively high signals in 700 nm at lower pH, and the internal cellular fluorescence decreased along with the isosbestic point. Cells incubated with the rest of molecules showed no significant changes in different pH media. In addition, the pH dependency of compounds 14 and 15 was evaluated in D5W containing 5% Cremophor before administering into mice. Only compound 14 displayed stable absorbance and fluorescence emission spectra in the working solution ( Figure 7 ). The buffered dye solutions at pH 7.8 were injected intravenously into CD-1 mice, and their biodistribution and clearance profiles were monitored using the FLARE intraoperative imaging system. As shown in Figure 7B , because of their inherit hydrophobicity, all dyes were taken up by lung, liver, and spleen, where macrophages work for nonspecific host defense, as well as specific immune responses. Animals injected with compound 14 showed relatively low background signals compared to other animals injected with compounds 15, 16, and 17 under the 800 nm channel of the FLARE system. No specific in vivo toxicity was found in this dose range. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript Scheme 1
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